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摘 要 
人类活动导致大气中二氧化碳等温室气体浓度增加，其温室效应导致全
球变暖。温室效应聚集的热量绝大部分（约 93%）被海洋吸收。自 1990 年
代末以来，在大气中温室气体浓度持续增加的情况下，全球表层气温增加速
率大幅减缓，被称为全球增暖减缓（Global surface warming hiatus）。在此期
间海洋上层热含量增速减缓，而中深层增暖加速，对其形成机理主要有外部
驱动力（太阳辐射）变化、气候系统内部年代际自然变率和热含量在海洋中
的重新分布等几个方面的观点，众说纷纭，尚无定论。理解海洋在地球能量
收支中的作用对于正确的评估气候变化，全球增暖的速率和全球增暖减缓等
至关重要。本文研究热含量在上层海洋中分布的时空变化规律，揭示在全球
增暖的背景下会出现增暖减缓的物理机制，及其对东亚的区域气候的影响。 
论文首先研究基于海表遥感数据估算次表层至中深层热力结构的深海遥
感方法，为海洋热含量年代际变化提供新的数据源。遥感技术提供了长时间
序列高时空分辨率的海洋表层观测数据，而次表层和中深层的现场观测数据
的时空分辨率都相当有限。利用自组织特征映射神经网络（Self-Organizing 
Map Neural Network，SOM）方法对海表遥感数据（温度、高度、盐度）进
行训练分类出一个神经网络，并采用 Argo 网格化数据的不同深度的次表层
温度对其进行标定，得到一个能根据海表参数估算次表层温度的神经网络模
型。结果显示该预测模型能够在海表至 700m 的深度与实测数据都有较好的
一致性，相关系数达到 0.8。通过敏感性测试，发现在蒸发比较强烈的副热
带海域，海表盐度数据可以改善 SOM 估算次表层温度估算，局部区域的相
关系数可以提高 30%。气候态数据的输入可在副极地流涡海域较大程度地改
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善该方法的性能。应用该方法，高度计升空以来的次表层温度场被反演出
来，用于年代际气候变化的研究。 
为了揭示全球增暖减缓的物理机制，论文利用经验正交函数（Empirical 
Orthogonal Function, EOF）方法分析了热含量在印度洋和南大西洋上层海洋
中的时空变化规律。结果显示，在印度洋，上层海洋的增暖在 1980 年代早
期就已经停滞了，而南印度洋副热带流涡的热含量变率主导了整个洋盆的上
层海洋热含量变化。通过因果分析，南印度洋副热带流涡的上层热含量变化
跟南大西洋和赤道大西洋的热含量的变化有明显的因果关系，显示在印度洋
增暖减缓期间，南印度洋副热带的热量流往大西洋，是大西洋 1990 年代的
洋盆尺度的变暖的先决条件。基于观测数据 WOD013 和再分析数据 ORAS4
的南半球热量变化分析显示，在南半球的热带和副热带海域存在年代际尺度
的热含量西向迁移。该迁移周期为 30 年左右，需要 60 年的时间才能从东太
平洋传到大西洋，其在印度洋主要发生在南副热带海域。在热含量西向迁移
的过程中，通过阿哥拉斯流系（Agulhas Current System）大量的热进入了南
大洋副热带超级流涡（Supergyre）的中深层，由此封存的热量对全球表层增
暖减缓也有一定的贡献。全球气候加速增暖时，印度洋的热含量分析揭示了
从印太暖池增暖到大西洋洋盆尺度增暖的物理联系；而大西洋洋盆尺度增暖
被认为是赤道太平洋信风增强、东赤道太平洋变冷和西太平洋海面异常升高
的原因；海洋上层热含量异常的空间位置迁移，进而导致信风和风生环流调
整，出现全球增暖减缓。该发现揭示了全球增暖背景下出现增暖减缓的链式
调控机制。 
论文研究了西北太平洋热量垂向分布年代际变化及其对于强台风快速增
强（RI）过程的影响。利用台风最佳路径数据集（由美国联合台风预警中心
提供），提出了一个新的台风快速增强指数（RITC），即台风生命周期中
24 小时里强度增加（最大持续风速的增加值）的最大值。该指数量化台风快
速增强的幅度，而之前的同类指数主要基于台风快速增强的次数（频度）。
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研究结果显示，RITC 指数更能体现太平洋年代际涛动（PDO）对厄尔尼诺
与南方涛动（ENSO）和 RI 关系的调制作用。在年际变化尺度上，PDO 暖相
位期间，RITC 与 ENSO 的关系较好，显著相关；PDO 冷相位（全球增暖减
缓）期间，无显著相关，分析显示该变化主要由纬向风速变化主导。而在年
代际变化尺度上，PDO 对 ENSO-RI 关系的调制作用在暖相位期间由上层海
洋热含量的变化主导，而在冷相位（也即全球增暖减缓）期间由垂向风力剪
切主导。该新指数的提出对于研究和预测 RI 和强台风活动的年际到年代际
变化有重要的意义。 
总之，本论文发展基于海表遥感数据估算次表层至中深层热力结构的算
法，为海洋热含量年代际变化提供新的数据源；以海洋热含量作为示踪剂，
研究热量在印度洋与南大西洋中的分布（包括垂直方向上与水平位置的分
布）的年代际变化特征与规律，揭示了全球增暖背景下出现增暖减缓的物理
机制；并以强台风的快速增强过程为例，研究西北太平洋热量垂向分布年代
际变化及其对区域海气交互作用的影响，提出了西北太平洋强台风快速增强
活动与 ENSO 关系的年代际变化及控制因素。论文通过热含量在海洋中分布
的时空变化规律的观测与研究，找到揭示全球增暖背景下上层海洋增暖减缓
及其区域气候响应的一条可行的研究路线。 
 
关键词：全球增暖减缓，海洋热含量，台风快速增强，西北太平洋 
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ABSTRACT 
The emission of greenhouse gases (GHGs) from human economy and 
social activity, such as burning of fossil fuel, cement industry, deforestation and so 
on, contribute to continuously increasing of GHGs, CO2 for example. The 
increased GHGs concentration leads to the energy imbalance at the top of 
atmosphere and heat cumulating within the earth climate system. Understanding 
the ocean’s role in Earth’s energy budget is fundamental to evaluate climate 
variability and change, including the rate of global warming and the recent 18-
years’ so-called Global Surface Warming Hiatus (GSWH). Progress has been made 
continuously on this topic: studies show that the GSWH is related to external 
forcing changes, internal variability induced by trade wind and wind-driven 
circulation adjustment with the resulting heat redistribution within the climate 
system, and the warming up in subsurface and deeper ocean. There are a wide 
range of opinions among climate scientists and no unanimous conclusion has been 
drawn about the mechanism of the global warming hiatus. In this dissertation, the 
spatio-temporal variations of the Ocean Heat Content (OHC) were investigated to 
reveal the physical mechanisms of the global warming hiatus and the regional 
climate response in East Asia.  
Firstly, methods were developed to estimate temperature anomaly for 
subsurface and deeper layer from sea surface parameters provided by remote 
sensing, to generate new data sets for decadal climate variability research. A Self-
Organizing Map Neural Network (SOM) was developed from Argo gridded data 
sets in order to estimate subsurface temperature anomaly (STA) from remote 
sensing data. The SOM maps were trained using anomalies of sea surface 
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temperature (SST), height (SSH) and salinity(SSS) data from Argo gridded 
monthly anomaly data sets, labeled with Argo STA data for 2005~2010 and then 
used to estimate the STAs at different depths in the North Atlantic from the sea 
surface data. The estimated STA maps and time series were compared with Argo 
STAs including independent data sets for validation. In the Gulf Stream Path areas, 
the STA estimations from the SOM algorithm show good agreement with in situ 
measurements taken from the surface down to 700m depth, with a correlation 
coefficient lager than 0.8. Sensitivity of the SOM, when including salinity shows 
that with SSS anomaly data in the SOM training process, reveal the importance of 
SSS information, which can improve the estimation of STA in the subtropical 
ocean by up to 30%. In subpolar basins, the monthly climatology SST and SSH 
can also help to improve the estimation by as much as 40%. STA time series for 
1993~2004 in the mid-latitude North Atlantic were estimated from remote sensing 
SST and altimetry time series using the SOM algorithm. Limitations for the SOM 
algorithm and possible error sources in the estimation are briefly discussed. 
Secondly, OHC spatio-temporal variations were analyzed using the empirical 
orthogonal function analysis. A meridional dipole has dominated the variation of 
the ocean heat content in the upper layer, and the warming in the upper layer of the 
Indian Ocean has been in “hiatus” since early 1980s. Further, a very new and 
sophisticated causal analysis method revealed that the warming in the southern 
subtropical Indian Ocean contributed to the pre-conditioning and warming in the 
southern and tropical Atlantic since 1980s and to the heat sequestration at the 
deeper layer in the Southern Ocean during the global surface warming hiatus 
period. In addition, zonal ocean heat content anomaly were found to shift 
westwards in a way that resembles Rossby wave, with a period of about 30 years, 
and phase speed of 1.8-2.5 cm/s. It takes about 60 years for the anomaly signal to 
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travel from east Pacific to the Western Atlantic via the Indian Ocean. The 
redistribution of OHC in upper layer follows the surface branch of the Global 
Ocean Conveyor belt to travel westward from Pacific to the Atlantic via Indian 
Ocean. With an embedded atmospheric bridge linking the Atlantic SST with the 
Pacific trade winds, the global ocean and atmosphere forms a closed loop. This 
finding explains not only the occurrence of global warming hiatus, but also sheds 
light on the multi-decadal climate variability. 
Thirdly, the decadal variation of vertical OHC distribution and its impact 
on air-sea interaction in Western North Pacific were studied to reveal regional 
climate respond to global warming hiatus. The decadal variation of rapid 
intensification of Tropical Cyclones (TCs) in Western Northern Pacific were 
studied using TC best track datasets. The intensity and frequencies of intense TC 
peaked in 1960s, and have not increased in a global warming climate. Compared to 
previous tropical cyclone (TC) studies that focus on the frequency of rapid 
intensification (RI), a new index (RITC) is proposed to measure the RI-level for 
category 4-5 TCs (Saffir–Simpson scale) in the western North Pacific. RITC is the 
maximum increase in the sustained-wind-speed per 24-hour during the lifetime of a 
TC. The results show that the PDO modulation of the interannual ENSO-RI 
relationship is better represented with the new RITC than with the RI number. The 
interannual relationship between ENSO and RITC is strong and statistical 
significant in warm PDO while not significant in cold PDO, mainly attributed to 
the variation of zonal wind speed. On decadal time scales, the PDO’s modulations 
of ENSO’s effects on RITC are mainly attributed to the variations of upper ocean 
heat content and vertical wind shear. Our results have significant implications for 
the prediction of RI and long-term projections of major TC activity. 
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In summary, OHC was used as tracer to study the decadal heat 
redistribution, horizontal and vertical, in Indian Ocean, Atlantic and Southern 
Ocean. Indian Ocean was found to be the accelerator for the global surface 
warming hiatus through supplying heat to the southern Atlantic Ocean. The 
redistribution of OHC in upper layer explains not only the global warming hiatus, 
but also the multi-decadal climate variability. The decadal variation in rapid 
intensification of intense TCs provides a better understanding of the decadal 
variation of the TC in Western North Pacific and a new perspective for the regional 
climate responding to the decadal variability of OHC under the changing climate. 
 
Keywords: global surface warming hiatus, ocean heat content, rapid 
intensification of tropical cyclones, western North Pacific 
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